precursor in infected cells. Kohase and Kohno (5) had isolated temperature-sensitive (ts) mutants of NDV with the purpose of elucidating the mechanism of interferon induction in NDV-infected primary chicken embryo (CE) cells. Among 20 ts mutants isolated, only 1 mutant, designated as ts3, had the RNA-positive phenotype, i.e., the ability to synthesize virus-specific RNA at a level comparable to that in the wild-type virus at the nonpermissive temperature. All other mutants had the RNA-negative phenotype. In this study, we attempted to characterize the physiological defect of ts3; we found that the mutant was temperature sensitive because the transport of the F protein beyond the rough endoplasmic reticulum (RER) and its proteolytic cleavage did not occur at the nonpermissive temperature.
Viral protein synthesis in infected cells. CE cells and purified stock viruses were prepared as described previously (5-7). Virus-specific protein synthesis was studied with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of infected cells labeled with [3H]methionine and chased for various times. All major viral structural proteins of ts3 were synthesized at both temperatures, and the intensity of the Fo band remained unchanged at the 42°C chase, compared with that at 37°C (Fig. 1A) . This finding suggested impaired cleavage of the F protein in mutantinfected cells. Because the F1 polypeptide, one of the cleavage products, comigrates with the NP protein in electrophoresis, glycoproteins labeled with [3H]glucosamine were analyzed by SDS-PAGE. The cleavage of the F protein of ts3 was virtually blocked at 42°C but occurred to some extent at 37°C (Fig. 1B) .
Intracellular localization of the F protein. The distribution of the F protein in ts3-infected cells was studied by immunocytochemical electron microscopy as described previously (12, 13) . In brief, CE cells cultured in Costar six-well plates and infected with ts3 (at a multiplicity of infection of 20 PFU per cell) were washed with cold phosphate-buffered saline, fixed in chilled periodate-lysine-4% paraformaldehyde, and scraped with a rubber policeman. The cells were pelleted by centrifugation and washed with phosphate-buffered saline containing 10% sucrose. The pellets were frozen in a dry ice-ethanol slurry and sectioned by cryostat. The sections were treated with rabbit anti-F protein serum and reacted with peroxidase-labeled Fab' fragments of goat antibodies against rabbit immunoglobulins. The subsequent procedures The infected cells were incubated at 37'C (A) and 42°C (B) for 15 h, and the cells were collected and treated for immunocytochemical electron microscopy with anti-F protein serum as described in the text. The RER (double arrows) and budding virions (arrows) are indicated.
were described previously (12) . The anti-F protein serum (a generous gift from Yoshiyuki Nagai, Nagoya University) had been confirmed as specific to NDV-F protein by immunoprecipitation and immunocytochemical localization (12) . A typical result is shown in Fig. 2 . In the ts3-infected cells incubated at 37°C, the F protein was found predominantly at the surface of budding virions ( Fig. 2A) , as in wild-type virus-infected cells incubated at the permissive and nonpermissive temperatures (data not shown). In contrast, distribution of the F protein was virtually restricted to the RER in ts3-infected cells incubated at 42°C (Fig. 2B) collected, concentrated, and analyzed by sucrose gradient centrifugation. Fractions were assayed for hemagglutinin activity and infectivity. Virions with a similar sedimentation pattern and comparable hemagglutinin activity were released at 37 and 42°C (Fig. 3) . In contrast to hemagglutinating particles produced at 37°C, however, those produced at 42°C were nearly completely noninfectious. Those virions were analyzed with SDS-PAGE. The contents of structural proteins, i.e., HN, NP, and M, were comparable between viruses grown at 37 and 42°C (Fig. 4A) . Virions grown in the presence of [3H]glucosamine were partially purified and concentrated by centrifugation through a discontinuous sucrose gradient and analyzed by SDS-PAGE. Virions released at 42°C contained virtually no F1 polypeptide (Fig.  4B) . The absence of the F protein, which is essential for the entry of viral genetic material into the cell, is the likeliest reason for the noninfectiousness of the virions released at the nonpermissive temperature. The present study has shown that the NDV mutant ts3 is defective in the F protein.
The impaired intracellular processing of the F protein was manifested in (i) the absence of its proteolytic cleavage, (ii) the block of its transport beyond the RER, and (iii) the release of virus particles devoid of the F protein. For a number of integral membrane proteins, correct folding and/ or assembly is a prerequisite for efficient transport, and incorrectly folded proteins are prevented from exit from the RER (2, 3). The NDV F protein is cleaved in the vicinity of the trans-Golgi membranes (9, 11). It is likely, then, that the defect of the F protein of ts3 is primarily in its retention in the RER, probably because of its temperature-dependent conformational abnormality, and that the absence of cleavage is merely due to its failure of being transported to the site of proteolytic cleavage. The release of noninfectious virus particles devoid of the F protein shows that the insertion of the F protein into the viral envelope is not an obligatory requirement for assembly of particles and their budding from infected cells. Release of noninfectious virus particles lacking HN protein has been documented for the ts271 mutant of Sendai virus (14) .
To our knowledge, no mutants of paramyxoviruses defective in the F protein have so far been reported. Because of a remarkable similarity of the F protein in both structure and function in all paramyxoviruses (reviewed by Morrison [10] ), the mutant of NDV defective in the F protein may prove to be useful in the study of intracellular processing and conformational change.
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